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Estuarine hydrodynamics present intermittent and complex circulation patterns. In this context, from 
the point of view of the coastal management associated with flood risks in riverine areas, numerical 
models allow predicting scenarios under specific hypotheses. This work simulates flood events 
occurring in the Douro river estuary recurring to numerical modelling tools. This estuary, located in the 
northern region of Portugal, periodically suffered severe flooding, with the associated losses and 
damages for the local protected landscape areas and hydraulic structures. The occurrence of these 
events justify the importance of a complete characterization of the areas that present risk of 
inundation and how they can be affected. A 2D-horizontal numerical model implemented with the 
Delft3D software was developed for this estuarine region including also the adjacent coastal zone. 
Available in-situ data were used for model calibration and validation processes. The obtained results 
are consistent with the in-situ measured water levels, allowing to understand the dynamics of the 
estuary during flood events. The robustness of the implemented numerical model allows to anticipate 
flood scenarios effects and associated water levels. The simulations results can then be used for 
sustainable management of this estuarine zone that presents high social, economic and environmental 
values. 
Keywords: numerical models; estuary; Douro river; floods; Delft3D 
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1 Introduction 
The positive impact of the environmental equilibrium on the sustainable 
management of estuaries makes these environments globally recognized, including 
their economic value, motivating diverse researches related to the species that inhabit 
it, water quality (aquatic life and recreation), exploration of waterways and power 
generation. Traditionally, for estuaries and for various river and sea systems 
throughout the world, behavioral analyzes and their evolution focus on the study of 
specific parameters, whether physical, chemical and/or biological, under the effect of 
the local hydrodynamics, with mathematical models of extrapolation. The large 
bottleneck of this method occurs due to the significant number of required field 
campaigns, in order to minimize errors in this process, which can be made unfeasible 
by the question of time and number of samples and by the high costs involved. In this 
sense, the association of field data to computational simulations has revealed a gain 
in time, and consequently monetary, anticipating scenarios and realistically 
forecasting preventive and scheduled maintenance actions, supporting the decision-
making process. Although hydroinformatics is a relatively recent scientific field, many 
researches have been developed, combining computer tools with environmental 
concepts and models, allowing diagnosis and information for medium and long term 
management, even in situations where the objective is to determine the flood levels in 
complex hydrodynamic systems, as is the case with estuaries (Bastos et al., 2016).  
This knowledge, which integrates hydrodynamic behavior, is a valuable tool for 
decision-making process of these environments, including mitigation measures. It can 
be applied in both, flood events or low flow conditions. Flooding scenarios are 
harmful events that have associated an important risk in terms of population, human 
settlements, erosion processes, structural damages, environment and economic 
losses. Low flow scenarios should also be characterized to depict the siltation 
processes and the increase of the water residence time that can have an important 
effect over the sediments, pollutants and salt distribution. In this sense, the work of 
Hu et al. (2009) should be remarked, particularly for its developments in the modeling 
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of hydrodynamics and sediment transport of the Yangtze Estuary - China, for the flood 
situation (including winds and waves due to typhoons). Despite the limitations of 
modeling, highlighted by the authors, and related to scatter of wind and bedload data, 
the results of measured water levels had a good correlation with the data simulated 
by the model. Similar analysis, with the same numerical modeling approach, can be 
seen in Stoschek and Zimmermann (2006), in the Weser River Estuary - Germany, Kwo 
et al.  (2007), in the York River Estuary - USA, Ganju and Schoellhamer (2009), in the 
Suisun Bay estuary - USA and Kuang et al. (2013) in the Yangtze River estuary - China, 
where the authors conclude that the results of simulated water levels have a good 
approximation with the data monitored in the field. Works of this nature accurately 
reproduce, as exemplified above, water levels, tidal propagation, flow velocities and 
discharges, helping to properly represent the hydrodynamical patterns of these 
regions. In this context, the implementation of numerical modeling suites, which solve 
the governing equations of conservation of mass and momentum, allows the analysis 
of complex hydraulic systems, such as estuaries, solving the physical questions of 
these systems. 
The present study has the specific objective of the implementation, calibration 
and validation of a 2D hydrodynamic numerical model for the Douro estuary, 
Portugal, using historical water levels and flood records. This model should constitute 
a complementary computational tool for the analysis of scenarios of flood events, 
acting as support for the definition of regularized river flows as a function of 
maximum water levels in the estuary. Historical flooding in the estuary affects, more 
incisively, the shores of urban areas. In this urban area, the cross-section of the 
estuary has no adjacent plains, with concentrated floods, mainly affecting the trade 
located there, with tourism and economic impacts. With the gradual decrease of river 
flow into the estuarine region due to dams construction for hydropower production 
and river flow regularization, and the construction of ocean defenses in the estuarine 
mouth, , a growth (upstream) of the Cabedelo sand spit is observed (Bastos et al 
2012). Analysis of the influence of this spit of sand for the elevation of the flood levels 
of the estuary, represents a pressing demand of this process of study. 
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Studies already done in the estuary of the Douro river presented results 
obtained from in situ monitoring techniques and focused on the ecological aspects, 
pollution impact and morphodynamic evolution (Azevedo et al., 2008 and 2010; 
Araújo et al., 2013; Bastos et al. 2012; Magalhães et al. 2001; Mendes et al. 2010; 
Mucha et al. 2003 e 2004; Portela 2008). Nevertheless, there is a lack of previous 
studies focused on the characterization of floods dynamics and effects in this 
estuarine region. 
In this work, a set of numerical simulations were performed to represent the 
state of the estuarine region under historical flood events. The numerical model 
implemented was based in the Delft3D model suite. This widely used modelling suite 
can carry out simulations that represent the effect of flows, sediment transports, 
waves, water quality, morphological developments and ecological processes in 
coastal, river and estuarine areas. The suitability of the Delft3D modelling suite in 
represent the effects of floods in estuarine regions was demonstrated by previous 
studies. Delft 3D was selected to represent the hydrodynamics and salinity 
configuration of estuarine regions (Santosa et al., 2015), to forecast the impact of 
channel deepening and dredging on estuarine sediment concentration (Van Maren et 
al., 2015) and to perform risk assessment scenarios related with floods in coastal 
areas (Gomes et al., 2015) and tsunami propagation (Van Ven et al., 2015). This 
modelling suite is also adequate to represent long-term hydrodynamic studies 
considering climate change scenarios (Abubaker and Walid, 2015) and to develop 
applications for natural hydraulic systems (Harcourt-Baldwin and Diedericks, 2006; 
Van Maren, 2007; Bouma et al., 2007; Tonnon et al., 2007; Allard et al., 2008; Hu et al., 
2009).Risk assessment of flooding in coastal areas, with Delft3D, can be seen in the 
work of Gomes et al. (2015), for the area of The Battery, New York, situated in New 
York Harbor. Van Maren et al. (2015) studied the impact of channel deepening and 
dredging on estuarine sediment concentration, in EMS estuary, located between the 
Netherlands and Germany. The model, according to the authors, satisfactorily 
reproduces observed water levels, velocity, sediment concentration and port 
deposition in the estuary. Santosa et al. (2015) evaluated the hydrodynamics and 
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salinity in the Columbia estuary, which is situated in Oregon, United States. The 
preconfigured model was calibrated based on 15 measurement stations that are 
spread along the estuary, and showed good agreement between measured and 
simulated water level, velocity and salinity. For implementation of a regional Tsunami 
Early Warning System (EWS) in Sumatra island in Indonesia, a set of detailed and 
accurate tsunami propagation and flooding models using Delft3D were developed in 
the work of Van Ven et al. (2015). The purpose of the models was not only to 
reproduce the 2004 Indian Ocean tsunami, but also to determine tsunami flood 
hazard maps with different return periods. The system has been successfully installed 
and tested in the last two years at national and regional emergency coordination 
centres, National Agency for Meteorology, Climatology and Geophysics (BMKG) and at 
Tsunami Disaster Mitigation Research Centre (TDMRC) in Banda Aceh.  In 
hydrodynamic studies of long-term, climate change scenarios, the work of Abubaker 
and Walid (2015) performs numerical forecast for the year 2080, of the Arabian Gulf. 
The long term impacts of climate change on hydrodynamics were evaluated using the 
current capacity and production rates of coastal desalination, power, and refinery 
plants. Work involving applications Delft3D in natural hydraulic systems are also 
described  e.g. Harcourt-Baldwin and Diedericks (2006), Van Maren (2007), Bouma et 
al. (2007), Tonnon et al. (2007), Allard et al. (2008) and Hu et al. (2009). The water 
levels modelled results , obtained for different scenarios, demonstrated robustness 
and accuracy to reproduce this complex phenomenon. This computational tool, 
therefore, associated to monitoring campaigns, could constitute an instrument of 
estuary management, allowing, with lower costs, to anticipate future hydrodynamic 
scenarios with confidence. 
  
2 Material and Methods 
2.1 Study Area 
The Douro River is born in Spanish territory and flows into the Atlantic Ocean in 
Portugal, bordered on the right by the city of Porto and on the left bank by Vila Nova 
 Analysis of estuarine flood levels based on numerical modelling. The Douro river … 6 
 
 
REGET, Santa Maria, v. 23, Ed. Especial, e14, p. 1-10, 2019  
    
 
de Gaia. The estuary, which is the object of this study, has an extension of 
approximately 22 km, starting at the Crestuma hydroelectric complex, which regulates 
the river flow. According to Azevedo et al. (2010), the river flow can reach 13.000 m3/s 
in certain situations. However, the seasonality observed in winter and summer 
periods, causes a significant variation of the river flow according to the precipitation 
patterns in this area (Gómez-Gesteira et al., 2011), the highest and lowest intensity 
flows occur from October to May and from July to September, respectively. This 
variation, according to Vieira and Bordalo (2000), causes that the residence time in the 
estuary has an estimated permanence rate between 8 h and 2 weeks depending on 
the river flow and tide conditions. 
The morphodynamic evolution of the sand spit located at the estuarine mouth 
has been routinely monitored, revealing an increase in the sand spit area and volume 
since the breakwater construction (Bastos et al., 2012). The variable size and shape of 
the sandbar caused frequent discomfort in the past for navigation activities, affecting 
the width and depth of the navigation channel, so to improve navigation safety, 
between 2004 and 2008 a breakwater was built to stabilize the shoal. The changes in 
the hydrodynamic patters due to the breakwater construction seems to deal into 
accretion processes that are producing an instability in the southeastern part of the 
Cabedelo sand spit that can represent a threat to the existing local nature reserve. 
The location and configuration of the Douro river estuary from the upstream section 
at Crestuma dam to the river mouth at the Atlantic Ocean is represented in the Figure 
1(a). 
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Figure 1- (a) Location of the Douro river estuary. (b) Location of monitoring stations 
 
Source: APA, 2015 and Google Earth satellite image, modified by the authors 
 
2.2 Field Data 
From the 5th September to 5th October of 1994, a hydromorphological campaign 
was carried out at the Douro river estuary, by the Portuguese Hydrographic Institute 
(IH) under the responsibility of the Douro and Leixões Port Authority (ADPL). During 
this campaign, different variables were measured: water levels, currents, sediment 
transport (suspended and bedload), particle size and sediment characterization, as 
well as bathymetry of the entire estuary. 
Water level data for the 1994 campaign were collected at Cais da Estiva and 
Cantareira monitoring stations and currents velocity data were measured at 
monitoring stations B1 and B2. These field data provided by the Portuguese 
Hydrographic Institute (IH) was carefully chosen to validate the numerical model 
implemented in this study. The historical flood data selected correspond to three 
flood events: 21/02/1966, 09/01/1996 and 10-11/01/2016. Floods peak discharges, 
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imposed in the numerical model at the upstream open boundary (Crestuma dam), 
were obtained from Pardé (1966), for the 1966 flood, and provided by Energia de 
Portugal (EDP) for the other flood events. The oceanic tides (downstream boundary) 
were provided by IH. Water levels simulated by the model were compared to the flood 
marks identified, in loco, in the SANDEMAN winery (1966 and 1996 floods), PINA 
furniture store (1966 and 1996 floods) and D. Luís bridge (1966 flood). Also, the tide 
gauge station data at Cais dos Banhos was used to asses the water levels evolution 
during the 2016 flood. For the 1966 and 1996 floods, the maximum flow discharges 
values considered at Crestuma dam were 14.600 m3/s and 10.500 m3/s, respectively. 
For the 2016 flood, EDP provided the hourly discharges recorded between 10 and 
11/01/2016, with a peak discharge of 7.200 m3/s. The location of the monitoring 
stations and the measured points for the flood levels are shown in Figure 1 (b). 
 
2.3 Numerical Model 
Delft3D is an open source modeling suite able to accurately represent 
hydrodynamics, sediment transport, morphology and water quality for fluvial, 
estuarine and coastal environments. This software, developed by Deltares, consists of 
several modules that can interact with each other. Delft3D-FLOW (Delft3D-FLOW, 
2011), the core of these modules, is a multidimensional (2D or 3D) hydrodynamic (and 
sediment transport) simulation software that solves the Navier-Stokes equations for 
an incompressible fluid under the concept of shallow water and the assumptions of 
Boussinesq approximation. This module also computes the sediment transport and 
updates the morphology simultaneously with the flow (Lesser et al., 2004). The two-
dimensional hydrodynamic model constructed in this work uses an orthogonal grid 
with a total number of 13.440 cells, necessary and sufficient to cover the entire 
estuary area from the Crestuma dam (upstream boundary) to the Atlantic Ocean 
(downstream boundary). 
At the upstream open boundary, the Crestuma dam outflows were 
considered and time series of measured hourly discharges were adopted. At the 
downstream open boundary, the ocean tide levels time series were implemented 
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for each scenario. The bathymetric data considered to build the orthogonal grid 
and the modeled region are represented in Figure 2. A calibration procedure was 
performed and the model results were compared with the 1994 field campaign 
available data (water levels and average current velocities) and also with the 
water levels obtained for the 1966, 1996 and 2016 floods, using for both kind of 
simulations the same grid (1994). All scenarios and problems analyzed are shown 
in Table 1. 
 













1 21/02/1966 14600 1
2 09/01/1996 10500 1
3 - Hydrodinamic/floods (tide) 1 21/02/1966 14600 1
2 09/01/1996 10500 1
4 - Hydrodinamic/floods (breakwater) 1 21/02/1966 14600 1
2 09/01/1996 10500 1
3 10-11/01/2016 historical horary 3
horary 2DH
high tide
high tide / low tide
high tide
2DH












The flood events were simulated considering the presence and absence of 
the breakwater. The breakwaters were added in the numerical grid as solid walls, 
allowing the representation of the effects that these structures have on the 
estuarine dynamics during flood events. In order to validate the numerical 
solutions, the model parameters related with bottom friction and turbulence 
were calibrated based on a sensitivity sound analysis and through comparison 
with the available field data, related to water levels and currents velocities 
obtained for the period between 11/09 and 05/10/1994 (analyzed problem 1). The 
selected values were a Manning roughness coefficient of 0,039 s.m -1/3 and a 
horizontal eddy diffusion coefficient of 1 m2/s. These coefficients were 
maintained for all the flood scenarios. The numerical simulation of historical 
floods in the Douro river was analyzed (problem 2) for maximum flows (of each 
flood event) and two different tide levels: high and low tide levels (problem 3). An 
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assessment of the influence of the breakwaters (problem 4) on some flood events 
is also done. 
 
Figure 2 - Numerical model of the Douro river estuary, implemented in Delft3D, 
with the 1994 estuary bathymetry (a); estuarine mouth - without breakwaters (b); 
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To assess the model performance in terms of measured and simulated water and 
velocity data related to problem 1 (Table 1), the following metrics were selected: 
Nash-Sutcliffe (NS) efficiency model, correlation coefficient (R2), root-mean-
square error (RMSE) and the mean absolute error (MAE). 
 
3 Results 
The comparison between the modelled values and measured data at Estiva and 
Cantareira monitoring stations pointed to an almost perfect correlation as shown in 
Figure 3. 
 




Source: authors, numerical model output 
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For the comparison of the measured and simulated velocities, and considering 
that a 2DH model approach was followed, only the vertical average currents were 
compared. The results for stations B1 and B2 are shown in Figure 4. Despite the 
vertical averages considered, there is also a close correlation between the simulation 
results and the in-situ measurements. For B1 station, located at the northern margin 
of the estuary where the slope profile is relatively straight and uniform, the 
correlation between measured velocities and simulated ones was 0,947. For B2 
station, closer to the Cabedelo sand spit on the southern margin, a greater 
divergence between the measured and the simulated currents was found, with a 
correlation of 0,832. The enlargement that occurs in the southern margin with 
significant depth variation leads to a more diffuse flow pattern. Despite the 
divergence in B2, the comparative results can be considered as satisfactory in terms 
of water levels and currents, allowing the definition of other scenarios to 
characterize the water levels profiles and the currents behavior along the estuary. In 
the sensitivity tests during the calibration processes, it was possible to verify that for 
relatively small river flows in the estuary, the average roughness, viscosity and 
turbulent diffusivity have a small effect over the simulated water levels. When flood 
events flows above 13000 m3/s are implemented in the numerical model, there was 
an underestimation of the simulated water levels in relation to the measured values. 
For situations tested with different bathymetries, it is noted that elevations in the 
bottom, which occur mainly at the mouth of the estuary, may slightly alter upstream 
water levels and modify the periods of tidal propagation into the estuary. For 
situations tested with different bathymetries, it is noted that elevations in the 
bottom, which occur mainly at the mouth of the estuary, may slightly alter upstream 
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Figure 4 - Measured and modelled vertical currents at B1 and B2 control points 
 
 
Source: authors, numerical model output 
 
The water level results for the 1966 and 1996 floods are shown in Figures 5 and 
6. These simulations were performed considering a constant outflow at Crestuma 
dam and high and low tide water levels at the ocean boundary. The results obtained 
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for these simulations revealed that the simulated water level elevations are in 
agreement with the measured flood marks. Results of the simulations, involving high 
and low tide, are very close and almost coincident with the mark of the 1966 flood 
recorded at D. Luis Bridge, with a slight overestimation of the water level by the 
numerical model. This fact demonstrates the model's ability to reproduce the 
dynamics and effects during floods events, showing that the effect of the tide, under 
these circumstances, is negligible at the estuarine region upstream of the estuary 
mouth, considering that the D. Luis Bridge is located 5 km upstream the mouth. 
Results of the 1966 flood simulation, when compared to the Sandeman and Pina 
floods, are conservative with respect to water levels for the high and low tide 
scenarios. The 1996 river discharge was 28% lower than the one presented during 
the 1966 flood and, consequently, small differences arise between both simulations 
regarding the water levels for high and low tide scenarios. 
 
Figure 5 - Maximum measured and simulated water levels at D. Luis Bridge, 1966 
flood 
 
Source: authors, numerical model output 
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Figure 6 - Maximum measured and simulated water levels at Sandeman and Pina 
buildings, 1966 and 1996 floods 
 
 
Source: authors, numerical model output 
 
This difference suggested a slight influence of the oceanic water levels in 
interior zones of the estuary when 1996 river discharges are considered. With 
respect to the 1996 flood simulations, there is a discrete overestimation of the 
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model during high tide, nevertheless, the results are very close of the measured 
marks for the low tide scenario. 
The 2016 flood modelling results and the measured water levels at Cais dos 
Banhos are shown in Figure 7. 
 
Figure 7 - Measured and simulated water levels at Cais dos Banhos, 2016 flood 
 
Source: authors, numerical model output 
 
The Figure 7 represents a strong increase of the water level between 48 h and 
60 h (simulation time) associated with the opening of the floodgates in Crestuma 
dam due to the flood event that had a peak discharge of 7.200 m3/s. The water levels 
simulated at Cais dos Banhos are close to the measured ones mainly during the 
peak flood period, demonstrating a satisfactory behavior of the implemented 
numerical model for strong changes of river flow. There is also an agreement 
between the measured and simulated peak flood time. However, systematic 
differences appear between measured and simulated water levels during higher and 
lower water levels periods, probably associated with changes in the bathymetry and 
in the morphology of the Cabedelo sand spit that were not considered in the 
numerical grid, and eventual mean sea level oscillations or storm surges that were 
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neglected in the simulations. These factors lead into an underestimation of water 
levels by the numerical model. A lag between the simulated and measured 
maximum and minimum values was also obtained, as can be observed in the results 
that precede the maximum peak of the 2016 flood. However, even for a maximum 
flow rate that is 56% lower than the full flood volume of 1966, these previously 
mentioned factors not taken into account in the simulation, were not of decisive 
importance for the good approximation between measured and simulated water 
levels. This fact can be observed in the hydrograph of the period that results in the 
maximum water level of the 2016 flood. The correlation between measured and 
simulated water levels in this period (between 52 h and 60 h) was 0,986, while for 
the entire period (between 0 h and 60 h) was 0,972. The analysis of the 1966, 1996 
and 2016 floods allowed to identify that the bathymetric factor can have a small 
effect in the estuarine water levels when high river discharges scenarios are 
represented.  
In order to analyze the breakwater influence on the water levels during flood 
events, a water level profile was represented between the estuary mouth and the D. 
Luis Bridge, for all the considered floods (1966, 1996 and 2016) and for the two grids 
(with and without breakwater). The results, depicted in the Figure 8, show the impact 
of the breakwater in the water level for peak river flows associated with the 
considered floods. The presence of the breakwater at the mouth promotes an 
increase of water levels for the entirely profile, with a stronger increase at the mouth 
and a smaller increase 5 km upstream of this location. For the 1966 flood (river 
discharge of 14.600 m3/s) and 1996 (river discharge of 10.500 m3/s) differences in 
water levels reached 1,70 m and 0,80 m, respectively, with an increase at D. Luis 
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Figure 8 - Water level profiles along the estuary considering pre-breakwater and post-
breakwater conditions for the 1966, 1996 and 2016 floods 
 
Source: authors, numerical model output 
 
For the 2016 flood (river discharge of 7.200 m3/s) it is noted that the breakwater 
induces a increment of the water level at the Arrábida Bridge of the order of 0,70 m 
and at D. Luis Bridge of 0,40 m. The order of magnitude of the obtained differences 
in the water levels is significant, especially when considering the expansion of the 
flooded area and also the associated possible inundation damages. It can be also 
observed that the impact of the breakwater on the estuarine water level elevation is 




The hydrodynamic model implemented in this work for the Douro estuary 
presented a high degree of robustness when compared with the measured datasets. 
Both, flood and non-flood simulations presented satisfactory results when compared 
with water level and velocity currents in-situ measurements, corroborating the 
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adequate representation of the dynamic patters of this estuary region and confirming 
the model ability in reproducing the water levels associated with flood events. The 
model also presented an adequate behavior when strong changes of river flow are 
introduced into the forcing datasets. Nevertheless, the differences between the 
measured and the modelled values could be related with inaccuracy in the field 
measurements, changes in the bathymetry and in the morphology of the estuarine 
sand spit that were not considered in the numerical grid, and eventual mean sea level 
oscillations, sea lever rise, wave set-up or storm surges that were neglected in the 
simulations.  
These factors may explain the underestimation of flood levels, simulated by the 
numerical model for the 2016 event when compared to measured levels at Cais dos 
Banhos monitoring station. However, it could be verified that even for long periods, 
the simulated water levels have a good approximation with the flood levels of 
historical events. This demonstrates the modelling system capabilities to perform 
numerical analyzes of water levels with fixed bottom, with low computational costs, 
which is important for model use in a forecast platform.  
This work allowed to represent some dynamical aspects of this estuarine region. 
It was demonstrated that the Douro estuary is a river dominated estuary under flood 
conditions. Nevertheless, there is a slightly effect of the tide for the lower river flows 
represented (1996 flood). Another important aspect of this estuarine region is the 
presence of the breakwater at the mouth. It was demonstrated that this breakwater 
promotes an increase of the estuarine water levels during flood events, with a 
stronger increase at the mouth and a smaller increase 5 km upstream of this location. 
This means that future floods in this estuary region can have harmful effects over the 
margins, being a risk for the population and structures and dealing into economic 
losses. 
An aspect that must be evaluated in future works is related with the sand spit 
evolution after the breakwaters construction. Besides eventual environment impacts 
resulting from local siltation, this feature may directly interfere with estuary flood 
levels, especially in the estuary mouth-zone. So future works will take into 
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consideration the evolution of this sand spit and its effects over the water levels 
during flood events.  
The good results obtained with the numerical simulation of the estuary for the 
specific flood scenarios show that there is a viable and realistic possibility of long-term 
modeling to support the management process of estuary flood levels. 
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